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Transmitted de novo structural chromosomal abnormalities, the majority of which are paternally derived, can lead
to abnormal reproductive outcomes as well as genetic diseases in offspring. We developed and validated a new
multicolor FISH procedure (sperm ACM, which utilizes DNA probes specific for the alpha [1cen], classical, [1q12],
and midi [1p36.3] satellites of chromosome 1) which utilizes DNA probes specific for three regions of chromosome
1 to detect human sperm that carry numerical abnormalities plus two categories of structural aberrations: (1)
duplications and deletions of 1pter and 1cen, and (2) chromosomal breaks within the 1cen-1q12 region. In healthy
men, the average frequencies of sperm with duplications and deletions were (a) 4.5  0.5 and 4.1  1.3 per 104
involving 1pter and (b) 0.9  0.4 and 0.8  0.3 per 104 involving 1cen, respectively. The frequency of sperm
exhibiting breaks within the 1cen-1q12 region was 14.1  1.2 per 104. Structural aberrations accounted for 71%
of the abnormalities detected by sperm ACM, which was significantly higher than numerical abnormalities (Pp
). Our findings also suggest that, for healthy men, (a) sperm carrying postmeiotic chromosomal breaks582 # 10
appear to be more prevalent than those carrying products of premeiotic or meiotic breakage or rearrangements,
(b) the high frequency of chromosome breaks measured after “fertilization” by the hamster-egg cytogenetic method
already appear to be present and detectable within human sperm by FISH, and (c) there are nonrandom and donor-
specific distributions of breakpoint locations within 1q12 in sperm. FISH facilitates the analysis of much larger
numbers of sperm than was possible when the hamster-egg method was used. Therefore, FISH-based procedures
for simultaneously detecting chromosomal breaks, rearrangements, and numerical abnormalities in sperm may have
widespread applications in human genetics, genetic toxicology, and reproductive medicine.
Introduction
Chromosomal abnormalities transmitted through gam-
etes are associated with pregnancy loss, infant mortality,
birth defects, infertility, and genetic diseases, including
cancer (Wyrobek et al., in press). Annually, in the United
States, 12 million conceptions are lost before the 20th
week of gestation (assuming 4.2 million births per year),
and, of these, ∼50% carry chromosomal defects, in-
cluding aneuploidies and structural aberrations (Mc-
Fadden and Friedman 1997). Although de novo struc-
tural chromosomal abnormalities are less common than
aneuploidy at birth (Hassold 1998) (0.25% vs. 0.33%),
it is estimated that ∼80% of the cases are paternally
derived (Olson and Magenis 1988; Chandley 1991). De-
spite the health risk to the developing embryo and off-
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spring, little is known about the etiology of paternally
derived structural chromosomal abnormalities.
The human-sperm/hamster-egg cytogenetic method
(or hamster-egg method), originally developed by Ru-
dak et al. (1978), became the reference method for ex-
amining sperm chromosomes by standard cytogenetic
staining techniques (Kamiguchi and Mikamo 1986;
Martin et al. 1987, 1991; Pellestor et al. 1987; Brandriff
and Gordon 1990). With this method, sperm chromo-
somes were examined at the first metaphase after fusion
of capacitated human sperm with hamster oocytes
whose zona pellucidae were removed enzymatically. Sig-
nificant findings with the hamster-egg method have in-
cluded the following: (a) high frequencies of sperm com-
plements from healthy men carried structural chro-
mosomal abnormalities (5%–13%), compared with
aneuploidies (1%–3%); (b) the presence of more breaks
and fragments than chromosomal rearrangements; and
(c) men exposed to genotoxic agents showed elevated
frequencies of sperm with chromosome aberrations
(Martin et al. 1986, 1989; Genesca et al. 1990; Jenderny
et al. 1992; Brandriff et al. 1994; Tusell et al. 1995;
Robbins 1996; Martin 1998).
Of the aberrations detected in sperm from healthy
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men by the hamster-egg method, nearly 77% were
breaks and fragments. Brandriff et al. (1988) and Estop
et al. (1995) suggested that these breaks originated
sometime between the end of male meiosis and the be-
ginning of the S-phase of the first cell cycle after fertil-
ization but could not determine whether they preexisted
in the fertilizing sperm.
We have adapted multicolor FISH for the simulta-
neous detection of sperm carrying numerical chromo-
somal abnormalities as well as two major categories of
structural abnormalities: (1) partial chromosomal du-
plications and deletions (i.e., segmental aneuploidies)
which are the sperm products of premeiotic or meiotic
chromosomal breakage events or rearrangements, and
(2) chromosomal breaks. This new multicolor method
integrates three concepts of prior work into a single
procedure: (a) the detection of 1p duplications and de-
letions in sperm (Van Hummelen et al. 1996); (b) the
measurement of breaks in 1q12, as developed by East-
mond et al. (1994) for human lymphocytes, and (c)
aneuploidy analyses by sperm FISH (Wyrobek et al.
1993). In addition, this newmethod detects duplications
and deletions of 1cen-1q12, provides the distribution
of breakpoint locations within the ∼15 Mb 1cen-1q12
region in sperm, and provides data for comparisons of
the frequencies of these various chromosomal defects in
sperm within a single analysis.
For the human genome, 1100 fragile sites have been
described (Howard-Peebles 1999). The concurrence be-
tween fragile sites and de novo breakpoint locations of
chromosomal rearrangements in spontaneous abortions
and newborns suggests that certain fragile sites predis-
pose to breakage during gametogenesis (Hecht and
Hecht 1984; Warburton 1991). The 1q12 region util-
ized in our study was identified as a putative fragile site
(Sutherland 1991) and found to be sensitive to break-
age in mutagen-exposed lymphocytes (Eastmond et al.
1994; Rupa et al. 1995, 1997a, 1997b), buccal mucosal
cells (Rupa and Eastmond 1997), cells in amniotic fluid
(Dopp et al. 1997b) and cancer cells (Dopp et al. 1997a;
Parada et al. 2000).
We recruited healthy men whose semenwas evaluated
previously in our lab, by means of the hamster-egg
method, to address several questions. (i) What are the
relative frequencies, in these subjects, of sperm carrying
chromosomal breaks versus those carrying partial chro-
mosomal duplications and deletions versus those car-
rying numerical abnormalities, and are there differences
among donors? (ii) What is the breakpoint distribution
within the 1cen-1q12 region, and are there differences
among donors? (iii) Is there evidence that the chro-
mosomal breaks found in first-cleavage chromosomes
with the hamster-egg method are present in the fertil-
izing human sperm?
Material and Methods
Sperm Donors
Semen samples were provided by four healthy men
recruited through the Anonymous Semen Donor Pro-
gram at Lawrence Livermore National Laboratory
(LLNL), which was approved by the LLNL Institutional
Review Board. Donors were nonsmokers aged 45–50
years, reported no chronic health or fertility problems,
and had no known medical or occupational exposure to
genotoxic agents. Donors D1, D2, D3, and D4 corre-
spond to A, C, I, and Z, respectively, in our previous
publications (Robbins et al. 1993, 1995, 1997b; Van
Hummelen et al. 1996; Baumgartner et al. 1999).
Pretreatment of Sperm, DNA Probes, and FISH
Semen specimens were aliquoted and were stored at
80C, without preservative. The aliquots were thawed
at room temperature (RT) and were gently mixed with
a Pasteur pipette. A volume of 5 ml was smeared onto
an ethanol-cleaned microscope slide and was air dried
for two days. Decondensation of sperm nuclei was per-
formed using DTT and LIS (Wyrobek et al. 1990), ac-
cording to the method of Robbins et al. (1993), except
that sperm nuclei were swollen in LIS for 60 min.
The sperm ACM assay utilized DNA probes for three
repetitive-sequence regions on chromosome 1 (fig. 1):
D1Z5 (alpha satellite or A), pUC1.77 (classical satellite
or C), and D1Z2 (midisatellite or M). D1Z5 was direct-
labeled with Texas Red fluorochrome (ONCOR). The
pUC1.77 probe was a 1.77-kb cloned EcoRI fragment
of human satellite DNA (Cooke and Hindley 1979) la-
beled with biotin. D1Z2 was a purified plasmid clone
(ATCC) labeled with digoxigenin. D1Z2 and pUC1.77
were labeled using the GIBCO BRL Nick Translation
System (Life Technologies). Test hybridizations were per-
formed on lymphocyte metaphase spreads to ensure
proper localization of each probe.
In situ hybridization was performed according to the
method of Van Hummelen et al. (1996), with the fol-
lowing modifications. The probe mix for each slide con-
tained 20 ng each of D1Z2 and pUC1.77 probe, 30 ng
of D1Z5 probe, and 10 mg of herring sperm DNA (car-
rier molecule) in a final concentration of 55% forma-
mide/2 # SSC and 10% dextran sulfate. Hybridization
was carried out over 2 nights. Prior to washing, the cover
slips were removed in 2# SSC at RT. Slides werewashed
in 60% formamide/2 # SSC at 45C for 5 min, followed
by two 10 min washes in 2 # SSC (pH 7.0) at RT. The
biotinylated and digoxigenin-labeled probes were de-
tected using a 1:100 dilution in PNM buffer of strep-
tavidin–Pacific Blue (stock concentration 2.5 mg/ml;Mo-
lecular Probes) and sheep anti–digoxigenin-fluorescein
isothiocyanate (FITC; stock concentration 0.2 mg/ml;
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Figure 1 ACM FISH methodology for human sperm. DNA probes were hybridized to three target regions on chromosome 1 (1cen, 1q12,
and 1p36.3) to detect three major types of abnormalities: 1, breakage or rearrangements involving 1p in stem cells, spermatogonia, or sper-
matocytes can produce multiple sperm carrying partial chromosomal duplications or deletions of 1pter (fig. 2B) or 1cen; 2, chromosome breaks
at various locations within 1cen-1q12 (fig. 2C–E); and 3, meiotic nondisjunction of chromosome 1 (fig. 2A).
Boehringer Mannheim). Immunofluorescence was car-
ried out for 30 min at RT in a humidity chamber, fol-
lowed by two washes in 2 # SSC for 3 min each. 4,6-
diamidino-2-phenylindole (DAPI), diluted to 0.01 mg/ml
in Vectashield antifade medium (Vector), was used as
counterstain. FISH analysis was performed on a Zeiss
Axioplan fluorescence microscope (Carl Zeiss), using a
100# Plan-NEOFLUAR Ph3 objective and equipped as
reported by Van Hummelen et al. (1996). Photomicro-
graphs were taken using the SmartCapture VP version
1.4 imaging system (Digital Scientific).
Assay Nomenclature and Scoring Criteria
New microscope-scoring criteria were developed for
the sperm ACM assay. Briefly, sperm carrying an ab-
normal number of same-color domains were scored as
abnormal only if the domains were of similar size and
intensity (except for breaks within 1q12) and clearly
separated (see below). Each fluorescence domain had to
be located within the boundary of an intact sperm nu-
cleus. Overlapping sperm nuclei were not scored. Only
cells with a flagellum (or tail-attachment site) under
bright-field microscopy were scored. Cells outside the
normal size limits for decondensed sperm (5–10 mm
length) by a microscope-eyepiece reticle were not scored.
The following describes the nomenclature and scoring
criteria developed for the ACM assay. One-letter abbre-
viations were used to denote the presence of each flu-
orescence domain: A (alpha satellite, 1cen); C (classical
satellite, 1q12); and M (midisatellite, 1p36.3). The A
and C regions are contiguous on chromosome 1, and
the fluorescent domains are adjoined in normal sperm
(fig. 1). A normal sperm was scored as ACM; addition
or removal of letters denoted duplications or deletions.
An “O” was used to indicate the absence of an expected
domain.
Duplications and deletions.—Sperm containing a du-
plication or deletion of M were represented by ACMM
(fig. 2B) and ACO, respectively. The two M domains
had to be separated by the distance of at least one normal
M domain. ACACM and OOM represented centromeric
duplications and deletions, respectively, of only the AC
region.
Chromosomal breaks.—Sperm carrying breaks within
the 1cen-1q12 region were divided into ten groups based
on their fluorescence phenotype (fig. 2C). Group 1 in-
cluded sperm containing a separation directly between
the A and C regions and were denoted by A∼CM (fig.
2D). The A and C domains had to be separated by at
least half the diameter of the C domain. Sperm classified
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Figure 2 Photomicrographs and classification scheme for ACM FISH methodology. A, Sperm containing two copies of chromosome 1
(bottom) can represent sperm diploidy or chromosome 1 disomy. A normal sperm is shown on top. B, Sperm carrying a terminal duplication
of 1p. C, Fluorescence phenotypes and scoring criteria used to classify sperm according to the relative location of chromosomal breaks within
1q12 (see Material and Methods section and fig. 3). D, Example of a sperm carrying a chromosomal break directly between 1cen and 1q12
(i.e., group 1). E, Example of a sperm carrying a chromosomal break within 1q12 (i.e., group 4). Sperm were imaged at 1,000# under
fluorescence and phase-contrast microscopy.
into groups 2-10 carried two C domains and were rep-
resented by AC1∼C2M (fig. 2C and 2E). The C1 and C2
domains had to be separated by at least half the diameter
of a normal C domain. C1 represented the domain at-
tached to A and varied proportionally in size with C2.
For example, the C1 domain of sperm in group 4 (fig.
2E) was larger than the A domain and would easily fit
within the C2 domain area 2–3 times. In comparison,
the C1 domain of group 5 would not fit more than once
within the C2 area. The scoring criteria for classifying
spermwith breaks in 1q12 are shown in figure 2C.These
criteria were used to assign a breakpoint location relative
to the AC junction for each group of sperm.
Numerical abnormalities.—Sperm containing two
copies of each domain represented chromosome 1 di-
somy or sperm diploidy (fig. 2A). Each same-color do-
main had to be separated by the distance of at least one
full domain width. The large C domain required a half-
domain separation. The absence of all three fluorescent
domains was denoted by “OOO” (i.e., nullisomy 1).
This phenotype could also represent lack of hybridiza-
tion for technical reasons.
Scoring Procedure and Statistical Analyses
A group of slides was coded by a person not involved
in scoring. At least 5,000 sperm were scored from the
top half of each slide. Then the slides were recoded, and
a second set of 5,000 sperm was analyzed from the bot-
tom half of each slide, for a total of ∼10,000 sperm per
slide. The CytoScore software program developed at
LLNL was adapted for sperm ACM to provide more
detailed information regarding each abnormal sperm
(i.e., breakpoint location).
The slides were decoded by the original encoder, and
the 1st and 2nd scoring analyses of each slide were com-
pared using x2 analysis. Inter- and intradonor variation
in the frequencies of abnormal sperm was evaluated us-
ing contingency table analysis. A x2 statistic was also
used to measure inter- and intradonor variation in the
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Figure 3 Distribution of breakpoint locations within 1cen-1q12
of sperm (see fig. 2C). A, Average profile of the frequencies of sperm
(per 104) in each breakpoint group across donors. B, Profiles of the
raw number of sperm in each breakpoint group per donor (D1–D4).
Stacked bars indicate the number of breaks observed during the first
(gray), second (white), and third (hatched) coded scoring analyses for
each donor. Short bars that cross the X-axis represent zero values.
distribution of the ten breakpoint locations measured
within 1q12.
Results
Duplications or Deletions of 1p and 1cen
The frequencies of sperm containing partial chro-
mosomal duplications or deletions of chromosome 1
were determined for 50,421 sperm from healthy men
(table 1). Sperm with terminal duplications or deletions
of 1p were detected at average frequencies of 4.5 0.5
and 4.1  1.3 per 104 sperm, respectively. Sperm car-
rying terminal duplications or deletions of 1p occurred
more frequently than centromeric duplications or dele-
tions, which occurred with frequencies of 0.9 0.4 and
0.8 0.3 per 104 sperm, respectively. In both cases, the
frequencies of sperm carrying duplications and deletions
did not differ significantly from a 1:1 ratio. There was
no significant interdonor variation for these types of
sperm defects.
Frequency and Distribution of Breakpoints within
1cen-1q12
The average frequency of sperm carrying a break
within the 1cen-1q12 region was 14.1  1.2 per 104
sperm (table 1; figs. 1 and 2). Breaks directly between
1cen and 1q12 were observed in 2.1  0.8 per 104
sperm. Breaks within 1q12 occurred in 12.0  1.6 per
104 sperm. There was no significant interdonor variation
in the total frequency of breaks within the 1cen-1q12
region among the four healthy men studied.
As is illustrated in figure 3A, the average distribution
of break sites within 1q12 was strikingly nonrandom
( ). Overall, the average distribution of10Pp 1.9# 10
breakpoints appeared to be bimodally distributed, with
a significantly higher frequency of sperm exhibiting
break sites at or near the AC junction ( )7Pp 3 # 10
and near the middle of 1q12 ( ) than else-6Pp 2 # 10
where. Furthermore, there were significant and repeat-
able differences among donors (fig. 3B). The interdonor
distributions of break sites were more variable than was
predicted by Poisson analyses ( ). For example,Pp .049
the break sites for donor D4 appeared to cluster around
the middle of 1q12 (group 6) (fig. 2C) with very few
near the centromere (groups 1 and 2), while donor D3
showed a contrasting pattern. These donor differences
were confirmed in 2–3 replicated scorings of coded sam-
ples for each donor (fig. 3B).
Structural Aberrations versus Numerical Abnormalities
in Sperm
Sperm carrying two copies of all three target regions
indicated the presence of an extra copy of chromo-
some 1 (fig. 2A). However, chromosome 1 disomy can-
not be distinguished from diploidy by the ACM assay.
As shown in table 2, the average baseline frequency of
sperm containing two copies of chromosome 1 was
per 104 sperm. This was significantly higher8.9 0.7
( ) than the per 104 sperm missing allPp .015 1.2 0.8
three hybridization domains (6 sperm of 50,421; hy-
bridization efficiency 199.99%), which represents an up-
per estimate of the frequency of nullisomy 1. This dif-
ference presumably represents the fraction of diploid
sperm. There was no significant variation among our
donors for sperm carrying two copies of chromosome
1. Of the 176 chromosomally abnormal sperm detected
by the ACM assay, 29% (51/176) contained numerical
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Table 1
Structural Chromosomal Abnormalities in Sperm of Four Healthy
Men Evaluated by the ACM Assay
GENOTYPE
FREQUENCIES PER 104
SPERM FOR DONOR
MEAN  SED1a D2b D3c D4d
Segmental aneuploidies:
1pter duplication 5.3 4.6 3.0 4.9 4.5  .5
1pter deletion 7.3 4.0 1.0 3.9 4.1  1.3
Total 12.6 8.6 4.0 8.8 8.5  1.8
1cen-1q12 duplication .7 0 2.0 1.0 .9  .4
1cen-1q12 deletion 1.3 .7 1.0 0 .8  .3
Total 2.0 .7 3.0 1.0 1.7  .5
Chromosomal breaks:
Between 1cen and 1q12e 2.7 .7 4.0 1.0 2.1  .8
Within 1q12 regionf 11.3 16.5 9.0 11.0 12.0  1.6
Total 14.0 17.2 13.0 12.0 14.1  1.2
a 15,073 sperm analyzed.
b 15,145 sperm analyzed.
c 10,087 sperm analyzed.
d 10,116 sperm analyzed.
e Group 1 (fig. 2C).
f Groups 2–10 (fig. 2C).
Table 2
Numerical Chromosomal Abnormalities in Sperm of
Four Healthy Men Evaluated by the ACM Assay
DONOR ID
(NO. OF
SPERM
ANALYZED)
FREQUENCIES PER 104 SPERM
Disomy 1 or Diploidya Nullisomy 1b
D1 (15,073) 10.6 1.9
D2 (15,145) 7.9 0
D3 (10,087) 8.0 0
D4 (10,116) 9.0 3.0
Mean  SE 8.9  .7 1.2  .8
a Characterizations of disomy and diploidy were based
on the presence of two copies each of all three domains
in a cell. The spermACMassay cannot distinguishbetween
disomy 1 and diploidy.
b Characterization of nullisomy was based on the ab-
sence of all three domains from a cell.
abnormalities. This was significantly lower than the
71% carrying structural chromosomal abnormalities of
chromosome 1 ( ).8Pp 2 # 10
Discussion
Our study of sperm from healthy men provides direct
evidence that (a) the spontaneous frequencies of struc-
tural chromosomal abnormalities are higher than those
of numerical abnormalities, (b) chromosomal breaks are
more prevalent than partial duplications and deletions,
(c) duplications and deletions of 1pter are symmetrical
and occur five times more frequently than those of 1cen,
and (d) there are reproducible donor differences in
breakpoint locations within 1q12. The following estab-
lishes the validity of the sperm ACM assay against the
hamster-egg reference method and discusses the etiology
of chromosomal breaks and rearrangements in sperm,
donor variability, and clinical relevance of this new
sperm FISH methodology. The ACM method relies on
a high hybridization efficiency in sperm (199.99%), high
probe sensitivities (199.94% for M and 199.98% for A
and C, under the assumption of the extreme case that
all missing domains were due to technical reasons), and
rigorous scoring criteria (see Material and Methods
section).
Validation of Sperm ACM Assay against the Hamster-
Egg Method
Genomewide comparison.—Data obtained by the
sperm ACM assay were compared against several ham-
ster-egg studies that evaluated healthy donors (Martin
et al. 1987; Estop et al. 1991, 1995; Benet et al. 1992;
Jenderny et al. 1992), including the studies of Brandriff
et al. (1984, 1985, 1988), from our laboratory, who
evaluated the same men used in the current FISH study.
Overall, these hamster-egg studies reported an average
frequency of 8.2 aberrations per 100 sperm metaphases
(814/9926). Under the assumption that the effective tar-
get region for the sperm ACM assay from 1q12 to 1pter
is 4%–5% of the haploid genome (Mendelsohn et al.
1973), the extrapolation of the ACM data (125 abnor-
mal/50,421 sperm) to the genome yields an estimate of
5.5%–6.5% sperm carrying structural aberrations (fig.
4).
Comparisons by aberration type.—Sperm aberrations
detected by the hamster-egg method can be classified into
three groups: rearrangements, chromosome breaks, and
fragments. The frequency of sperm with rearrangements
was ∼2% (186/9926) across hamster-egg studies. When
the frequency of partial chromosomal duplications and
deletions detected by the ACM assay was extrapolated
across the haploid genome, it was not significantly dif-
ferent from the frequency of sperm with rearrangements
observed by the hamster-egg method (fig. 4). This ex-
trapolated frequency is also consistent with the earlier
findings of Van Hummelen et al. (1996) and Baum-
gartner et al. (1999) from our lab using more limited
sperm FISH analyses.
Sperm carrying the AC∼CM or A∼CM FISH phe-
notypes comprised 58% of all structural abnormalities
detected by the ACM assay (table 2). These phenotypes
could represent chromosomal breaks, translocations, in-
versions, or partial duplications involving the 1cen-1q12
region. In the hamster-egg system, chromosomal breaks
were the only type of aberration affecting the 1cen-1q12
region and occurred with a frequency of 17.8 per 104
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Figure 4 Genomewide comparison of the sperm ACM and ham-
ster-egg cytogenetic methods. Bars A–E show the frequency of struc-
tural aberrations per 100 sperm metaphases evaluated in the following
hamster-egg studies: A, Brandriff et al. (1988); B, Estop et al. (1995);
C, Jenderny et al. (1992); D, Martin et al. (1987); E, Benet et al.
(1992). The contribution made by three types of damage are shown,
top to bottom: hatched, fragments of unknown origin (200/814 ab-
errations); unblackened, chromosome breaks (428/814 aberrations);
and black, rearrangements (186/814 aberrations). The weighted mean
(number of aberrations/total sperm  SE) is also shown (sixth bar).
Bars F (Van Hummelen et al. 1996) and G (Baumgartner et al. 1999)
show the estimated frequencies of sperm carrying rearrangements in
two previous studies that used a more limited FISHmethod. The ACM
bar represents the overall frequency of sperm carrying structural ab-
normalities estimated from the data of the current study. The arrow
reflects the estimate that 1q12 to 1pter represents 4%–5% of the
haploid genome (see Discussion section). The portion contributed by
partial chromosomal duplications and deletions is represented in black.
Figure 5 Comparison of the frequencies of sperm with breaks
in 1cen-1q12, as determined by FISH and hamster-egg methods. The
first bar represents the mean frequency (SE) of sperm with breaks
in 1cen-1q12 in a hamster-egg study (11 total donors, 2,468 sperm
[Brandriff et al. 1984, 1985]) that included the same men evaluated
in the current study. The second bar shows the average of three other
labs: those of Martin et al. (1987) (30 donors, 1,582 sperm), Estop
et al. (1991) (7 donors, 555 sperm), and Jenderny et al. (1992) (8
donors, 450 sperm). The mean represents the weighted average of all
four hamster-egg studies.
sperm metaphases (Brandriff et al. 1984, 1985; Martin
et al. 1987; Estop et al. 1991; Jenderny et al. 1992).
When compared against the ACM assay in figure 5, this
frequency was not statistically different ( ) fromPp .5
the 14 breaks per 104 sperm (72/50,421) detected by
FISH. This suggests that the ACM assay provides a valid
measure of chromosomal breaks for the 1cen-1q12 re-
gion. Acentric fragments are an ambiguous category of
damage observed using the hamster-egg method that
cannot be resolved with confidence using the ACMassay
(fig. 4).
Etiology of Chromosomal Breaks in Sperm
Our study provides direct quantitative evidence that
chromosomal breaks preexist in human sperm before
fertilization. Prior hamster-egg studies could not pin-
point the origin of chromosome breaks, owing to an
inherent limitation of that methodology. The strong
agreement between the frequency of breaks within 1cen-
1q12 measured by FISH and the hamster-egg method
provides direct evidence that these breaks already existed
within the fertilizing sperm, and that few if any were
induced after fertilization. Furthermore, this interpre-
tation suggests that there is no selection at fertilization
against sperm carrying chromosome breaks, which con-
tradicts findings using certain animal models (Sonta et
al. 1991; Chayko and Martin-DeLeon 1992) but sup-
ports the findings of Van Hummelen et al. (1997) for a
reciprocal translocation carrier, Honda et al. (2000) for
a Robertsonian carrier, and Marchetti et al. (1999) in a
study using mice.
There is other evidence that spermiogenesis (i.e., post-
meiosis) is inherently susceptible to chromosomal dam-
age. Spermatid development is accompanied by dramatic
nuclear and chromatin changes. Nucleosome structures
are converted into toroids, as histones are replaced by
transition proteins and then finally protamines (Balhorn
1982; Brewer et al. 1999). Nuclear volume is markedly
reduced coincidentally with greatly diminished DNA re-
pair capabilities (Sega 1976; Working and Butterworth
1984; Joshi et al. 1990). There is compelling animal
literature that male postmeiotic cells are extremely sen-
sitive for the induction of chromosomal damage in the
form of dominant lethality and heritable translocations
in offspring of chemically treated male mice (Shelby et
al. 1986, 1987; Hales and Robaire 1990; Russell et al.
1992; Adler et al. 1994; Generoso et al. 1995, 1996;
Marchetti et al. 1997). Alkaline elution studies have also
found DNA strand breaks in sperm (Singh et al. 1989).
Consistent with these findings, our baseline frequencies
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of breaks in 1q12 in sperm appear to be higher than for
lymphocytes: 8 breaks per 104 haploid lymphocyte
equivalents (Rupa et al. 1997b) versus the 14 per 104
sperm observed in our study ( ).Pp .007
Characterization of Break Sites within the 1q12 Region
of Sperm
Nonrandom distributions of spontaneous and chem-
ically induced chromosomal breakpoints in humans have
been previously studied by G-banding (Morad et al.
1973; Funes-Cravioto et al. 1974; Reeves and Margoles
1974; Aula and von Koskull 1976; Kucerova and Po-
livkova 1976; Morad and El Zawahri 1977; Barrios et
al. 1989; Warburton 1991; Estop et al. 1995). Similar
breakpoint locations were found in normal and exposed
individuals (Tucker et al. 1994) and breakpoints ap-
peared to cluster within the heterochromatic and cen-
tromeric regions of certain chromosomes (Johnson et al.
1999). However, none of these studies utilizedmolecular
cytogenetics to characterize the breakpoint locations.
Using FISH, we observed a highly significant nonrandom
distribution of breakpoints within the subcentromeric
1q12 region. About half of the breaks occurred near the
alpha and classical satellite junction, and ∼30% were
located in the middle of 1q12 (fig. 3). These sites cor-
respond roughly to two radiation-induced hot spots ob-
served in human lymphocytes by G-banding (Ayme´ et
al. 1976; Barrios et al. 1989). Additional studies are
warranted to investigate (a) the relationship between
1q12 break sites in sperm and chromosome-breakpoint
locations in newborns, (b) donor variation in baselines
and sensitivities to exposure, and (c) the generality of
our findings to other men.
Etiology of Chromosomal Duplications and Deletions
in Sperm
In this study, duplications to deletions of 1p and 1cen
occurred in ∼1:1 ratios (table 1). This symmetry may be
a product of meiotic segregation of reciprocal translo-
cations involving 1p which would be expected to pro-
duce equal frequencies of 1p duplications and deletions
(i.e., adjacent I segregation) and, more rarely, equal fre-
quencies of sperm with duplications and deletions of
1cen (i.e., adjacent II segregation). Although pericentric
inversions and unequal sister-chromatid exchanges in-
volving chromosome 1 might produce symmetrical fre-
quencies of duplications and deletions of 1p36.3, they
are not predicted to produce duplications or deletions
of the 1cen-1q12 region. Also, paracentric inversions
would not be expected to yield the observed duplication
and deletion phenotypes. Assuming all duplications and
deletions measured by the sperm ACM assay are derived
from reciprocal translocations that are randomly dis-
tributed along the genome, we calculate that as many
as 5/1,000 sperm in healthy men might carry a balanced
translocation.
Relative Frequencies and Donor Variation for
Chromosomal Abnormalities in Sperm
The results of the ACM FISH assay indicate that struc-
tural chromosomal defects are more common than nu-
merical abnormalities in sperm of healthy men. Adjust-
ing for the ∼8-fold difference in relative genome content,
the frequency of breaks within the 1q12 region was
much higher than duplications and deletions ( ).P ! .05
The aggregate frequency of chromosomal breaks, du-
plications, and deletions detected for chromosome 1was
24.8 per 104 sperm (125/50,421). This was significantly
higher ( ) than the 10.1/104 sperm (51/8P ! 2 # 10
50,421) carrying numerical abnormalities of chromo-
some 1 (disomy, nullisomy, and diploidy). The frequency
of sperm with an extra copy of chromosome 1 (8.9
per 104 sperm) corresponds well to the combined0.7
frequency of disomy 1 (1.7/104) plus diploidy (6.6/104)
detected, in an earlier study, among ∼120,000 sperm
from these same men (Van Hummelen et al. 1996).
There was no significant variation among donors in
the frequencies of spermwith two copies of chromosome
1 (range 7.9–10.6 per 104 sperm), nullisomy 1 (0–3.0
per 104 sperm), or chromosomal breakage within the
1cen-1q12 region (12–17.2 per 104 sperm). Further-
more, there was no significant variation in the frequen-
cies of sperm with terminal or centromeric duplications
or deletions among men. The breakpoint distributions
among the four donors in our study (fig. 3B) were more
variable compared to average (fig. 3A) than predicted
by Poisson statistics, but the effect is small ( )Pp .049
and a larger study is warranted to investigate variation
of breakpoint distributions among men.
Clinical Relevance
By use of prior FISH methodologies for sperm aneu-
ploidy, several paternal risk factors have been identified
for sperm disomies, such as paternal age (Griffin et al.
1995; Martin et al. 1995; Robbins et al. 1995; Rous-
seaux et al. 1998), chemotherapy (Monteil et al. 1997;
Robbins et al. 1997a; Martin et al. 1999), and cigarette
smoking (Robbins et al. 1997b; Rubes et al. 1998). Our
method for detecting chromosomal breaks and rear-
rangements in sperm provides an important new ap-
proach for measuring exposure to chromosome-break-
ing agents and assessing genetic predisposition to such
damage. Pairing our ACM assay with multicolor FISH
assays for sperm aneuploidy (e.g., the X-Y-21-18 assay
[Van Hummelen et al. 1997] and the X-Y-21 assay
[Baumgartner et al. 1999]) promises to provide a robust
870 Am. J. Hum. Genet. 67:862–872, 2000
approach for detecting paternally transmissible chro-
mosomal damage of both the numerical and the struc-
tural type.
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